Abstract Cerato-platanin (CP), the first member of the ''cerato-platanin family'', is a moderately hydrophobic protein produced by Ceratocystis fimbriata, the causal agent of a severe plant disease called ''canker stain''. The protein is localized in the cell wall of the fungus and it seems to be involved in the host-plane interaction and induces both cell necrosis and phytoalexin synthesis (one of the first plant defence-related events). Recently, it has been determined that CP, like other fungal surface protein, is able to self assemble in vitro. In this paper we characterize the aggregates of CP by Atomic Force Microscopy (AFM) images. We observe that CP tends to form early annular-shaped oligomers that seem to constitute the fundamental bricks of a hierarchical aggregation process, eventually resulting in large macrofibrillar assemblies. A simple model, based on the hypothesis that the aggregation is energetically favourable when the exposed surface is reduced, is compatible with the measured aggregates' shape and size. The proposed model can help to understand the mechanism by which CP and many other fungal surface proteins exert their effects.
Introduction
Cerato-platanin (CP) is produced by the ascomycete fungus Ceratocystis fimbriata, which is the causative agent of cancer stain, a severe disease with incidence in a great number of plants, e.g. Platanus acerifolia, Theobroma cacao, Coffea arabic. The secreted CP is a 120 amino acid protein, moderately hydrophobic and turned out to be the first member of the ''cerato-platanin family'' that includes seven other proteins secreted from Ascomycetes (Pazzagli et al. 1999) . Some of these proteins seem to be involved in various stages of the host-fungus interaction: for example, the product of the snodprot1 gene from P. nodorum is produced during infection of wheat leaves; the allergen Asp f13 causes an allergic reaction in humans; the CS antigen is produced by C. immitis, the causative agent of a human respiratory disease; and the sp1 protein by L. maculans, the blackleg pathogen of Brassica napus Djonović et al. 2006) . Moreover, CP shares some structural and functional characteristics with other fungal proteins called hydrophobins: it is moderately hydrophobic, its secondary structure prediction indicates the presence of mainly b-sheet, and it is an important component of the cell wall of hyphae, ameroconidia, and ascospores (Boddi et al. 2004; Scala et al. 2004) .
Hydrophobins are secreted fungal proteins which have a wide range of functions in fungal growth and development that are all apparently related to their surface activity: these proteins self-assemble in an insoluble amphipathic membrane at hydrophobic/hydrophilic interfaces acting as biosurfactant (Askolin et al. 2006; Wosten 2001; Linder et al. 2005; Kwan et al. 2006) . Hydrophobins are characterized by a low sequence similarity and they can be divided into Class I and Class II on the basis of their hydropathy. Class I hydrophobins are found to form a ''rodlet coating'' that, at molecular level, fulfil many of the criteria for amyloid assemblies found in human neurodegenerative diseases (Mackay et al. 2001; Stroud et al. 2003) . Instead, class II hydrophobins form tetrameric aggregates found in aqueous solutions of HFBII (Hakanpaa et al. 2004) . Recent in vitro investigations clarified the ability of CP to self-assemble .
In this paper we studied these aggregates by AFM, a powerful technique that enables one to resolve the supramolecular organization of the amyloid and amyloid-like aggregates (Mackay et al. 2001; Chamberlain et al. 2000; Soldi et al. 2005) .
Experimental (materials and methods)
Chemicals and buffers All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA); reagents and kits for the Pichia expression kit, restriction enzymes, T4-DNA ligase and Taq DNA polymerase were purchased from Invitrogen (San Diego, CA, USA). The semi-preparative ReversePhase (RP) HPLC column (C4, 5 lm, 250 · 10mm) was from Vydac (Grace, Columbia, MD, USA).
Expression, purification and aggregation of cerato-platanin CP gene ) was cloned in a pPIC9 vector of the methyltrophic yeast Pichia pastoris that enables the extracellular expression of the recombinant proteins. Protein expression and purification was carried out as previously described .
TFE is a reagent commonly used to induce in vitro aggregation of amyloid proteins (Calamai et al. 2005; Soldi et al. 2005) . Aggregation of CP was carried out incubating 0.54 mM CP in 30% TFE in water and in 30% TFE in 0.1 M Na-acetate buffer pH 4.3.
Thioflavine (ThT) (LeVine 1993; Naiki et al. 1989 ) fluorescence and circular dichroism (CD) (Chiti et al. 1999) were used to test aggregation. Briefly, after 5, 20 and 35 days of incubation, 5 ll of the CP solution was added to 500 ll of 6.4 lM ThT in 50 mM glycine-NaOH buffer pH 8.5; fluorescence emission was measured on a PerkinElmer LS-55 spectrofluorimeter. CD spectra were acquired on a Jasco J-810 Spectropolarimeter at 20°C using 6 ll of the incubated CP solution dissolved in 240 ll of water. Fluorescence measurements at 5, 20 and 35 days show increasing values of 0.65 ± 0.14, 5.40 ± 1.70 and 51.23 ± 8.70 (Intensity Units) respectively and point out that aggregation had occurred. The CD results indicate that the protein was misfolded from the beginning of the incubation. These samples were dried and stored at -80°C until to use them in AFM imaging.
Atomic force microscopy
Atomic force microscopy (AFM) analysis of the CP was performed at different times (5, 20 and 35 days) during the aggregation process. The sample preparation 2 ll of CP were laid onto a freshly cleaved mica disc, rinsed with a few drops of distilled water and dried with a soft nitrogen blow. Solutions of suspended aggregates were gently agitated to ensure that the drop was representative of the whole sample.
AFM experiments were performed in air, in non-contact mode, using a PicoSPM microscope equipped with AACMode controller (Molecular Imaging, Phoenix, AZ, USA). The probes characteristics are model NSG-01 (NT-MDT Co., Moscow, Russia) with 150 kHz typical resonance frequency. Scanner calibration was periodically checked by means of a reference grid (TGZ02 by MikroMash, Tallin, Estonia) with known pitch, 3 lm, and step height, 100 nm.
Image processing
Images recorded from AFM were processed with automatic recognition algorithms in order to identify and measure single features, as aggregates or small (annular shaped) oligomers. Using an open source software (Image J, http:// www.rsb.info.nih.gov/ij) AFM images were first treated to eliminate the background and than thresholded (binarized).
The average (external) diameter of the oligomers is estimated by tracing the location of the maximum of the particle size distribution P(r), as obtained from standard granulometry routine.
The protein aggregates were fitted to oval profiles to find the ratio R between minor and major axis (circularity algorithm).
Results and discussion
Proteins have a generic tendency to convert from their soluble states into insoluble well-organised aggregates known as amyloid or amyloid-like fibrils. This tendency is reported in different medical contexts and often results in pathology, including Alzheimer, Parkinson disease and type II diabetes (Chiti and Dobson 2006) . It is therefore of paramount importance to elucidate the pathway by which proteins assemble into ordered aggregates eventually responsible for cell dysfunction. Moreover, aggregation seems to be a common mechanism by which many proteins exert their effects. The fungal proteins called hydrophobins are involved in developmental and host-interaction mechanisms that can be related to their ability to self assemble into amyloid-like structure (Wosten 2001; Linder et al. 2005; Kwan et al. 2006) . Also cerato-platanin, the first member of the cerato-platanin family is able to selfassemble in solution, but the aggregates' morphology differs from that relative to both amyloid and hydrophobins aggregates. We shall here suggest a dynamic mechanism that supposedly governs the process of formation of the aggregates. First, we will develop a highly speculative model and then analyze the images acquired with the AFM to provide a quantitative support to the proposed interpretative framework.
Data obtained from Tht fluorescence and Circular Dichroism spectra suggest that CP undergoes a misfolding before the aggregation is entrained. AFM measurements performed at different incubation's times enabled us to visualize the various steps of CP self-assembly process: after a few days of incubation, small structures are found already and after 20 days large aggregates develop, the latter being characterized by a rich and diverse morphology (see Figs. 1, 2) . Such aggregates increase in number and dimension as time progresses. Nevertheless, they are always found to be surrounded by a layer of smaller objects, identical to the ones observed in the early stage of incubation (see Fig. 2b ).
Let us turn to analyzing Fig. 1a , where a typical AFM image of CP aggregates is presented. Branched structures are clearly displayed, each large agglomerate being characterized by a disordered assembly of protruding segments. Their characteristic size falls in the range of hundreds of nanometers, as testified by a visual comparison with the reference scale enclosed in Fig 1a. Enlarging the figure (see Fig. 1b ), one can resolve the details of the fibrillar structure and appreciate its longitudinal roughness. It can be hypothesized that these in-homogeneities are the relic of a complex hierarchical aggregation process, the subsequent merging of constitutive blocks giving rise to the observed corrugated profile. Interestingly, large aggregates are immersed in a dense carpet of smaller oligomers (see Fig. 2a ), presenting a characteristic doughnut-like (or annular) shape (see Fig. 2b ). The diameter of the inner hole is sensibly smaller than the external one (a factor 5) and thus comparable with AFM resolution limit. These elements are almost flat, the height being smaller than the diameter (see profile in Fig. 2c) . One can hence imagine that such annular objects are the fundamental bricks of the underlying aggregation scheme. Moreover, we assume that, due to the hydrophobic nature of the specimen under scrutiny, it is energetically convenient to minimize the surface exposed to the contact with water and consequently suppose the dynamics to be driven by such mechanism. Neglecting the small contribution, of the inner hole to the external surface, we shall here assimilate the annular oligomers to homogeneous cylinders. The surface of the cylinder base reads
Based on the above reasoning, and since the oligomers are longitudinally compressed, two nearby structures will preferentially superpose the adjacent bases thus shielding the largest possible portion of their surface (A S ) to the interaction with the surrounding solution. As the stacking reaction proceeds forward, the lateral surface A l increases, while the aggregate maintains a cylindrical structure, the surface of the associated base still being A S . After a number of successive encounters, it will become equally convenient to establish a connection between homologous assemblies through their lateral surfaces. The lateral interaction shields a fraction of the lateral surface that can be quantified invoking the following argument: the optimal packing of cylindrical units is obtained by a hexagons symmetry, where each cylindrical element shares a portion a = 1/6 of its lateral surface.
1 The side-to-side attachment should therefore manifest when
where H c identifies the critical height threshold, resulting from a number of consecutive base-to base merging. Expressions (1) and (2) finally yields:
The scheme of the interaction is depicted in figure  (Fig. 3) . Let us now turn to analyze the AFM images with Fig. 3 The cartoon exemplifies the model of hierarchical aggregation proposed in the text. The reaction proceeds by assembling small cylindrical units, accordingly to the base-to-base scenario, until the height reaches the critical value, H c , above which the side-to-side attachment is energetically favoured Fig. 4 Statistical distribution of radius of small disks from AFM data (Fig. 2) . The peak value is 26 nm the aim of testing the correctness of our conclusions. First, we measured the (external) radius for each annular oligomer selected from Fig. 2 . These data are combined to reconstruct the probability distribution function reported in Fig. 4 : a mean value of about 26 nm is found. Focus now is on The oval elements are almost identical in size and can be fitted to ellipsoids, whose major and minor axes are respectively labeled A and B. A direct measure shows that B % D, thus confirming that the oval structures are compatible with the paradigm of successive base-to-base piling of annular blocks. However, since lateral and longitudinal merging are both manifested in fig 5a, we expect the ratio R = B/A % D/A to be peaked in 2/3, as prescribed by formula (3). The histogram of R is calculated upon inspection of Fig. 5a and reported in Fig. 5b . A pronounced maximum is indeed found where predicted by the theory. These findings provide an aposteriori experimental support to the validity of the proposed mechanism of aggregation, showing that hydrophobic forces play a key role in the aggregation process, the latter being supposedly responsible for successive assembly of small elements into larger complex structures.
In conclusion, it is worth emphasizing that cerato-platanin aggregates obtained by incubation of 0.54 mM CP in 30% TFE share some peculiar features with the amyloid fibrils and with aggregates formed by hydrophobins, even though a direct analogy cannot be formally established. Moreover, the proteins belonging to the cerato-platanin family presents a noticeable high-sequence similarity, unusual among the other fungal protein families, that can be indicative of a similar hydrophobic surface exposition in solution. Based on the above we can hence hypothesize that a mechanism of aggregation similar to the one debated here holds in other contexts, including others representative of the wide CP-like proteins family. In this perspective, the proposed model can constitute an important leap forward in clarifying the essential role of the aggregates in the fungalplant interaction and further contribute to shed new light onto the crucial mechanism by which other proteins of the ''CP family'' interact with their hosts. 
